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(54) Integrated adjustable capacitor 

(57) An integrated adjustable capacitor device and 
method for making such a device are provided. The ad- 
justable capacitor includes an underlying electrode, a 
dielectric cavity, an upper electrode, and an etch cavity 
for removing sacrificial material from the dielectric cav- 
ity. The surface of the device is relatively flat due to epi- 



taxal deposition of epi polysilicon and single crystal sil- 
icon. The adjustable capacitor system is capable of un- 
dergoing CMOS processes without requiring additional 
steps of covering the capacitor device to protect it and 
then removing the covering following the CMOS proc- 
esses. 




Figure 1a 
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Description 

Background Information 

[0001] The present invention relates to an integrated 5 
capacitor and a method for manufacturing an integrated 
capacitor. More specifically, a mechanically-adjustable 
capacitor is provided on a structure which may also in- 
clude devices created by a complementary metal oxide 
semiconductor ("CMOS") process. Micro-machined ca- 10 
pacitors have been developed as part of micro-electro- 
mechanical systems. Using similar technologies to 
those used to manufacture semiconductors, microscop- 
ic capacitors may be fabricated on.silicon wafers. These 
technologies may include oxidation of a substrate, ap- is 
plication of a photoresist material, selective exposure to 
light or x-rays through a mask, and etching to build de- 
vices in layers on a substrate. 
[0002] Although similar techniques are used for cre- 
ating integrated circuits ("ICs")and micro-electro-me- 20 
chanical devices ("MEMs"), when both ICs and MEMs 
are constructed on the same substrate, elements of 
these processes can interfere with each other. For ex- 
ample, polishing and etching processes used in the 
manufacture of ICs may damage MEMs that have al- 25 
ready been created on a silicon wafer. In addition, sub- 
jecting certain MEMs to high temperatures used for 
processing and building MEMs can damage or destroy 
the CMOS. Cutting or "dicing" of a silicon wafer can also 
damage MEMs as stray particles can destroy a MEMs 30 
structure. 

[0003] One solution for protecting a MEM during cir- 
cuit creation and wafer processing has been to cover 
the MEM device with a protective layer (e.g., a layer of 
silicon oxide) during the processing stages in which the 35 
circuitry is created and the wafer is diced. This protective 
layer must later be removed in a time-consuming proc- 
ess. Furthermore, it is difficult to remove the protective 
layer without damaging the electronics components, 
and therefore the types of electronics that can be devel- 40 
oped are limited. 

[0004] Whether MEMs are developed first on a wafer 
and ICs are later developed, or the other way around, 
adding and later removing a protective covering for the 
first-developed components is generally required. 45 
These extra steps add time and expense to the process. 
Furthermore, in prior art processes, adding protective 
layers to cover components may be required to make 
the surface of the wafer approximately flat so that other 
operations such as etching and lithography may be per- 50 
formed. 

[0005] These limitations have restricted the develop- 
ment of devices that include both MEMs and ICs. Such 
devices may include, for example, an adjustable capac- 
itor and supporting circuitry that may, for example, be 55 
adapted to operate in a high-frequency antenna. When 
high-frequency antennas are adjusted to receive a cer- 
tain frequency, the impedance of the antenna may be 



adjusted to reduce signal reflections. The impedance 
may be adjusted, for example, via adjusting the capac- 
itance of an adjustable capacitor attached to the anten- 
na. An adjustable capacitor can be used to compensate 
for the parasitic capacitance of the antenna circuitry. 
[0006] Adjustable capacitors may be used to adjust 
antenna impedance, but integrated adjustable capaci- 
tors used for this application suffer from the manufac- 
turing problems described above. Therefore, semicon- 
ductor diodes are frequently used for this application. 
Semiconductor diodes have a drawback that there is a 
large capacitance in the material of which they are con- 
structed, thereby introducing a noise source into the 
system. An integrated adjustable capacitor that can be 
more easily manufactured on the same substrate as 
electronic circuits would be helpful for this application 
as well as several others, such as exact electrical filter, 
capacitor switches for radio frequency (RF) applica- 
tions. 

Brief Description of The Drawings 
[0007] 

Figure 1a shows a schematic diagram of an inte- 
grated adjustable capacitor device with an upper 
electrode in an un-deflected position. 
Figure 1b shows a schematic diagram of an inte- 
grated adjustable capacitor device with an upper 
electrode in a deflected position. 
Figure 2 shows a flow chart of a process for manu- 
facturing an integrated adjustable capacitor sys- 
tem, according to an embodiment of the present in- 
vention. 

Figure 3 shows a schematic diagram of an integrat- 
ed adjustable capacitor system following the depo- 
sition of a sacrificial material. 
Figure 4 shows a schematic diagram of an integrat- 
ed adjustable capacitor system following the depo- 
sition of an upper electrode layer. 
Figure 5 shows a schematic diagram of an integrat- 
ed adjustable capacitor system following the depo- 
sition of a refill material. 

Figure 6 shows a schematic diagram of an integrat- 
ed adjustable capacitor system following the depo- 
sition of an electrical contact material and the cre- 
ation of electronic components. 

Detailed Description 

[0008] Figure 1 a shows an integrated adjustable ca- 
pacitor of the type that may be used in the present in- 
vention. The capacitor is formed on a substrate 1, for 
example a silicon wafer. An insulator 2 may support a 
upper electrode 4 above an electrode 3. The insulator 
2 may comprise, for example, silicon dioxide and the up- 
per electrode 4 may comprise, for example, polysilicon 
or other conducting material. The electrode 3 is com- 
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prised of a conductor, for example, a semiconductor 
such as doped silicon, or a metal such as tungsten. 
Tungsten has a higher conductivity compared to doped 
silicon, which leads to a high "Q" value (representing the 
ratio of resistance to reactance). The conductor may be 
deposited on top of the substrate, or it may comprise an 
area of the substrate that is doped to become electrically 
conductive. When a direct current voltage is applied to 
the electrode 3, the upper electrode 4 will deflect as 
shown in Figure 1b, thereby changing the capacitance 
between the electrode 3 and the upper electrode 4. A 
cavity 5 between the electrode 3 and the upper elec- 
trode 4 functions as a dielectric for the capacitor. The 
cavity 5 may be filled with, for example, air or another 
gas, or it may be a vacuum. In this way, a micro-electro- 
mechanical adjustable capacitor may be provided for a 
system such as a high-frequency antenna. 
[0009] In one embodiment of the present invention, 
an. integrated adjustable capacitor is provided on a sub- 
strate together with integrated circuitry developed to op- 
erate with the capacitor. The integrated circuitry may be 
created using, for example, standard CMOS processes. 
Figure 2 shows a flow chart of the steps employed in a 
method for making an integrated adjustable capacitor, 
according to an embodiment of the present invention. 
As shown in Figure 2, in step 1 00, a support layer for an 
electrode is developed or deposited on a substrate, 
such as a silicon wafer. This support layer may com- 
prise, for example, a layer of silicon dioxide, which may 
be deposited or reacted from the silicon wafer, accord- 
ing to known techniques such as thermal oxidation or 
plasma deposition. The support layer is then patterned 
to create the desired structure. 
[0010] The patterning and etching may be performed 
according to any number of known techniques such as 
by coating the surface with a photoresist material, ex- 
posing portions of the photoresist to light, x-rays, or oth- 
er such energy according to the pattern of a mask. Por- 
tions of the photoresist and the underlying layer may 
then be etched away using known techniques such as 
chemical or plasma etching. After the electrode support 
is created, an electrode may be created in step 101 by, 
for example, depositing a conductor on top of the sup- 
port layer created in step 100. The electrode may be 
comprised of a semiconductor material, or a metal. In 
one embodiment of the invention, the electrode is com- 
prised of tungsten. Tungsten has both good conductivity 
and a high melting point and can therefore withstand 
high temperatures associated with CMOS processes. 
The electrode material may be deposited and patterned 
using known processes such as vapor deposition or 
sputtering. After the electrode is created in step 1 01 , a 
sacrificial material is added on top of the electrode in 
step 102. The sacrificial material may comprise, for ex- 
ample, silicon dioxide. The sacrificial material may be 
deposited and patterned according to known tech- 
niques, as described above. 

[0011] Figure 3 shows an embodiment of the integrat- 



ed capacitor system after the steps 1 00 to 1 02 of Figure 
2 have been performed. A substrate 11 is shown, with 
an electrode support layer 12 and an underlying ("bur- 
ied") electrode 1 3 having been deposited and patterned. 

5 A sacrificial material 14 is shown deposited over the 
electrode 13 and electrode support 12. 
[0012] Returning to Figure 2, instep 103 a upper elec- 
trode layer is deposited over the sacrificial material. The 
upper electrode layer is the layer that is deflected to ad- 

10 just the capacitance of the device. The upper electrode 
layer may be created, for example, by depositing a layer 
of start polysilicon used as a seed for the following 
growth of poly silicon over the sacrificial layer. This start 
polysilicon may be grown or deposited and patterned 

15 according to known techniques, as described above. 
The start polysilicon layer may be deposited in order to 
create the proper conditions for growing a layer of epi 
poly over it. Epi poly (epitaxial polysilicon) is a poly sili- 
con grown in an epitaxial reactor. This process allows 

20 an in situ growth of poly and single crystalline silicon. 
The silicon will grow in single crystalline form on areas 
where the start poly has been previously removed. 
[0013] Figure 4 shows an embodiment of the integrat- 
ed adjustable capacitor following step 103. A start poly- 
ps silicon layer 15 is shown over the sacrificial material 14. 
An epi poly layer 1 6 is shown on top of the start polysil- 
icon layer 15. Single crystal silicon 17 is shown filling in 
the layer corresponding to the epi poly layer. In this man- 
ner, a roughly flat top level of the device is maintained 

30 through the process. 

[0014] Returning to Figure 2, in step 104, chemical/ 
mechanical polishing of the upper electrode layer is per- 
formed. This chemical/mechanical polishing may be 
performed to prepare the surface of the epi poly/single 

35 crystal silicon layer for CMOS processes used to further 
develop the integrated capacitor device. This chemical/ 
mechanical polishing may be performed, for example, 
according to known techniques. In step 105, an etch 
channel for removal of the sacrificial material is created. 

40 The etch channel is a channel etched through the upper 
electrode layer to provide access to the sacrificial ma- 
terial. The etch channel may be created, for example, 
using a known deep reactive ion etching technique. 
Deep reactive ion etching may be performed, for exam- 

45 pie, by using a plasma to selectively etch a hole or trench 
through the upper electrode layer. This technique may 
also be used, for example, to create insulation gaps (e. 
g., for electrically defining and insulating components of 
the device). 

so [0015] In step 106 of Figure 2, the sacrificial layer is 
removed by allowing a removal chemical or plasma 
such as hydrofluoric acid (HF) to flow through the etch 
channel to the sacrificial layer. He etch reactants are 
carried away in the resulting solution or as a gas. In step 

55 1 07, a re-fill material is deposited to plug the etch chan- 
nel and the insulation gaps. The refill material may com- 
prise, for example, silicon dioxide, which acts as an in- 
sulator. The insulation material may be deposited, for 
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example, via anisotropic deposition, which deposits the 
oxide on a wafer surface and in the etch channels with- 
out allowing the oxide to flow into gaps where it is not 
wanted (e.g., the space left by the removal of the sacri- 
ficial material). 

[0016] Figures shows an embodiment of the integrat- 
ed adjustable capacitor following step 107. The sacrifi- 
cial material 14 has been removed, leaving a dielectric 
cavity 14a. This dielectric cavity 14a may function as a 
dielectric between the electrodes of the variable capac- 
itor, and may be filled with air or other gas, or it may be 
a vacuum. An etch channel 18 and insulation channels 
20 are shown through the upper electrode layer, and 
filled in with a refill materia! 19. 
[0017] Returning to Figure 2, in step 108, electronics 
may be added to the integrated capacitor device using, 
for example standard CMOS processes to create tran- 
sistors, logic gates, and other integrated components as 
well as connecting circuitry. In step 109, these tech- 
niques may also be used to etch the refill material to 
build contacts to electrically connect the adjustable ca- 
pacitor. In step 110, conductive material (e.g., alumi- 
num) may be added to create electrical contacts. These 
electrical contacts may include contacts to the underly- 
ing electrode, and to the upper electrode layer, and may 
connect these components to other integrated compo- 
nents and circuitry on the device. 
[0018] Figure 6 shows an embodiment of an integrat- 
ed adjustable capacitor device following step 1 1 0. In this 
embodiment, an aluminum contact layer 24 is shown 
contacting the underlying electrode at a contact point 
23. In this embodiment, aluminum can be used because 
the upper electrode layer is thicker than those found in 
prior art systems, due to the use of the epitaxal process 
for deposition of the upper electrode layer 16. Upper 
electrode contacts 25, also formed by the aluminum lay- 
er, are shown in this embodiment as made by several 
contact points 25. By using multiple contact points, low- 
er resistance can be achieved. Also shown in Figure 6 
are electronic components 22 created, for example, with 
a CMOS process. 

[0019] While prior art systems use primarily polysili- 
con to construct electrodes and other components of an 
adjustable capacitor system, one embodiment of the 
present invention includes electrodes made of tungsten 
(lower) and epi poly (upper level). By using these mate- 
rials, resistance can be lowered to a desired level and 
the expense of the device can be lowered, since the de- 
vice is less susceptible to heat, and therefore can with- 
stand the CMOS processes (e.g., high heat). Further- 
more, by providing a relatively flat top surface, rather 
than a stepped surface, CMOS processes can be em- 
ployed because etching and lithography steps will not 
interfere with elements on different levels. 
[0020] An integrated adjustable capacitor device such 
as that described above can be used in a high frequency 
antenna. The capacitor can be adjusted in order to ad- 
just the impedance of the antenna to match the frequen- 



cy to which the antenna is tuned. An antenna for receiv- 
ing signals (e.g., radio frequency signals) includes an 
inductance and a natural parasitic capacitance present 
in the material of which the antenna is constructed. By 

5 including an adjustable capacitor device in an antenna, 
the parasitic capacitance and resulting phase shifts (due 
to imaginary power effects) can be compensated for by 
adjusting the capacitance of the adjustable capacitor. In 
this manner, the receiver sensitivity can be increased by 

10 adjusting the impedance match between the antenna 
and, for example, a low noise amplifier to which it is con- 
nected. 

[0021] By using a variable capacitor device, some of 
the problems of using variable capacitance diodes can 

is be avoided, such as the non-linearities and losses char- 
acteristic of these diodes. In an embodiment of an ad- 
justable integrated capacitor device as described 
above, because the conductive paths between the ca- 
pacitor element and the electronic circuit elements are 

20 short, and there are no bonds required between the 
structures, parasitics are reduced. In an embodiment of 
an antenna employing an integrated adjustable capac- 
itor, only one chip has to be mounted on the antenna, 
thereby reducing costs over prior systems. 

25 [0022] Although several embodiments are specifically 
illustrated and described herein, it will be appreciated 
that modifications and variations of the present inven- 
tion are covered by the above teachings and within the 
purview of the appended claims without departing from 

30 the spirit and intended scope of the invention. 



Claims 

35 1. An integrated adjustable capacitor system compris- 
ing: 

a substrate; 

an underlying electrode coupled to said sub- 
40 strate; 

an upper electrode; 

a dielectric cavity between said underlying 
electrode and upper electrode; 
an etch channel coupled to the dielectric cavity; 
45 and 

a refill material, wherein the etch channel pro- 
vides access to the dielectric cavity for removal 
of a sacrificial materia! before the etch channel 
is filled with the refill material. 

50 

2. The integrated adjustable capacitor system of claim 
1 , wherein a capacitance of said integrated adjust- 
able capacitor system is adjusted through applica- 
tion of a direct current (DC) voltage to said under- 

55 lying electrode. 

3. The integrated adjustable capacitor system of claim 
1, further comprising: 
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an insulation gap to electrically insulate the up- 
per electrode from surrounding material. 

4. The integrated adjustable capacitor system of claim 

1, further comprising: 5 

epitaxally-deposited single crystal silicon on 
which electronic components can be construct- 
ed using CMOS techniques. 

10 

5. The integrated adjustable capacitor system of claim 
1, further comprising: 

a contact layer for providing electrical contacts 
to the lower electrode and the upper electrode. * 5 



building electronics using CMOS techniques. 

12. The method of claim 10, further comprising the 
steps of: 

etching the refill material to create an opening 
for a contact to the underlying electrode; and 
depositing conductive material to create an 
electrical contact with the underlying layer. 

13. A high-frequency antenna comprising: 

a signal-receiving wire; 
an amplifier; and 

an integrated adjustable capacitor system. 



6. The integrated adjustable capacitor system of claim 
5, wherein: 

the electrical contact to the lower electrode is 20 
provided via the etch channel. 

7. The integrated adjustable capacitor system of claim 
5, wherein: 

25 

the electrical contact layer is comprised of alu- 
minum. 



14. The antenna of claim 13, wherein the integrated ad- 
justable capacitor system further comprises: 

a substrate; 

an underlying electrode coupled to said sub- 
strate; 

an upper electrode; 

a dielectric cavity between said underlying 

electrode and upper electrode; 

an etch channel coupled to the dielectric cavity; 

and 



8. The integrated adjustable capacitor system of claim 
1 , wherein: 

the underlying electrical contact is comprised 
of tungsten. 

9. The integrated adjustable capacitor system of claim 
5, wherein: 

the upper electrode is comprised of epitaxial 
polysiiicon. 

10. A method for manufacturing an integrated adjusta- 
ble capacitor comprising the steps of: 



a refill material, wherein the etch channel provides 
30 access to the dielectric cavity for removal of a sac- 
rificial material before the etch channel is filled with 
the refill material. 

15. The antenna of claim 14, wherein a capacitance of 
35 said adjustable capacitor system is adjusted 
through application of a direct current (DC) voltage 
to said underlying electrode. 



40 



depositing and patterning an underlying elec- 
trode on a substrate; 

depositing and patterning a sacrificial material 

over the underlying electrode; 

depositing and patterning an upper electrode 

layer over the sacrificial material; 

creating an etch channel through the upper so 

electrode layer; 

removing the sacrificial material via the etch 
channel; and 

depositing a refill material to plug the etch chan- 
nel. 55 



1 1 . The method of claim 1 0, further comprising the step 
of: 
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Deposit and pattern 
electrode support layer 



Deposit and pattern 
underlying electrode 



Deposit and pattern 
sacrificial material 



Deposit and pattern upper 
electrode layer 



J 

Perform chemical/ 
mechanical polishing of 
upper electrode layer 



Create etch channel for 
sacrificial material removal 
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Remove sacrificial material 
via etch channel 



Deposit refill material to 
"plug" etch channel 



Build electronics using CMOS 
techniques 



7 



Etch refill material to create 
openings for contacts 



Figure 2 



Deposit conductive material tc 
create contacts with upper 
electrode and membrane 
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Figure 6 



